Analysis of retinal development in Delta (Dl) temperature-sensitive mutants reveals requirements for Delta function in the specification of all retinal cells, including photoreceptors, cone cells, pigment cells and cells that make up interommatidial bristles. In situ hybridization and immunohistochemistry indicate that Delta is expressed dynamically during the specification of different cell types. Comparisons of Delta expression patterns with developmental defects in Dl mutants implies that Delta functions in a cell-nonautonomous manner in the specification of photoreceptors. Delta protein resides predominantly in subcellular vesicles located primarily at the apical ends of developing retinal cells. Localization of Delta protein in DI and d&ire" mutants implies that Delta is targeted to the cell surface, but is efficiently removed via endocytosis, resulting in vesicular accumulation.
Introduction
The Drosophila compound eye is composed of approximately 800 simple eyes or ommatidia. Each ommatidium is composed of eight photoreceptors and six accessory cells surrounded by a latticework of pigment cells and mechanosensory bristles. The assembly of this elaborate, highly organized array is thought to occur primarily via interactions among neighboring cells (Ready et al., 1976; Lawrence and Green, 1979; Tomlinson and Ready, 1987) . With the exception of the first cell to be specified, the R8 photoreceptor, each ommatidial cell apparently adopts a fate based on signals or spatial cues presented by neighboring cells (reviewed in Ready, 1989; Banerjee and Zipursky, 1990; . Understanding mechanisms of intercellular communication is therefore of paramount importance in understanding the determination and differentiation of cells in the developing retina.
Most of the proteins known to be required for retinal cell fate determination can be associated with signal transduction pathways. Specification of the R7 cell fate is arguably the best studied of these pathways (reviewed in Rubin, 1991; Dickson and Hafen, 1993) . Adoption of * Corresponding author, Tel.: 812 855 6062; Fax: 812 855 6705. the R7 cell fate is dependent on the interaction between the sevenless receptor tyrosine kinase, present in the R7 cell, and an R&specific transmembrane signal, bride of sevenless (boss). Boss is taken up in a sevenlessdependent manner into vesicles in the R7 cell and propagation of the resulting signal occurs through a Rasregulated kinase cascade. Many other proteins that have been shown to function in retinal cell fate choice are also thought to act in signaling pathways. Such proteins include putative secreted signals such as hedgehog (Heberlein et al., 1993; Ma et al., 1993) , scabrous (Baker et al., 1990; Mlodzik et al., 1990a) and argos (Freeman et al., 1992) ; receptors such as the steroid receptor-like protein, seven-up (Mlodzik et al., 1990b) , and the hedgehog receptor, patched (Ma et al., 1993) ; and intracellular or nuclear factors including rough, a homeodomain protein (Tomlinson et al., 1988) , and yan, which contains an ETS-DNA binding domain (Lai and Rubin, 1992) .
Many of the proteins required for proper retinal cell specification are also required for cellular communication events in other tissues. Proteins encoded by Delta (Df) and the other so-called 'neurogenic' genes (Poulson, 1937; Lehmann et al., 1983) fall into this category. Neurogenic genes are required for the determination and segregation of the correct number of neuroblasts 0925-4773/95/$09.50 0 1995 Elsevier Science Ireland Ltd. All rights reserved SSDI 0925-4773(94)00336-L during embryogenesis, and appear to function in a signal-transduction mechanism required for inhibition of the neural fate within proneural equivalence groups (reviewed in Artavanis-Tsakonas et al., 1991; CamposOrtega, 1993) . Delta, a transmembrane cell surface protein, is proposed to act as the signaling molecule in this pathway. Notch, a complex transmembrane protein containing a number of protein interaction motifs, appears to be a receptor for the Delta signal. The inference that Delta and Notch interact as signal and receptor rests on a wide variety of genetic and physical evidence (Shepard et al., 1989; Brand and Campos-Ortega, 1990; Fehon et al., 1990; Xu et al., 1990; Heitzler and Simpson, 1991; Garcia-Bellido and de Celis, 1992) .
Various mutations that affect the neurogenic genes Delta (Dl), Notch (N), mastermind, neuralized or the Enhancer of split [E(spl)] complex cause disruptions in the development of the ommatidial array (Dietrich and Campos-Ortega, 1984; Cagan and Ready, 1989a; Campos-Ortega and Knust, 1990; Parody and Muskavitch, 1993) . Using a temperature-sensitive N allele, Cagan and Ready (1989a) have shown that reduction in N function at different stages during retinal development can result in inappropriate numbers of photoreceptors, cone cells, bristles and primary pigment cells. A mutation in the transducin-like protein groucho, one of the E(sp1) transcription units (m9/10), causes the mystery cells to adopt an R3/4 photoreceptor cell fate (Fischer-Vize et al., 1992) . In addition, the E(s~l)~ mutation, which alters the E(spl) m8 protein, affects assembly of photoreceptor clusters (Campos-Ortega and Knust, 1990) .
We have examined the roles of Delta in specific cell fate choices in the developing retina. Reductions in Delta function achieved by heat pulsing Dl temperaturesensitive mutants at various times during retinal development can result in multiplication and/or loss of every retinal cell type. We show that the Dl transcription pattern is largely coincident with the onset of cellular specification and that localization of the Delta protein corresponds with patterns of Dl transcription. In addition, wildtype Delta protein is detected exclusively in vesicles within developing retinal cells and this subcellular accumulation depends on an endocytotic pathway. Comparisons between patterns of Delta expression and patterns of cellular specification resulting from reductions in Delta function indicate Delta acts nonautonomously to affect many retinal cell fate choices.
Results

Delta functions in specification of the correct number of all photoreceptor cells
Photoreceptor development begins during the third larval instar (L3) with the formation of the morphogenetic furrow in the eye-antenna1 imaginal disc (Ready et al., 1976; Tomlinson and Ready, 1987; Cagan and Ready, 1989b) . Within the furrow, R8 photoreceptor cells are specified at regular intervals by mechanisms apparently similar to those governing neuroblast specilication in the embryo and sensory organ precursor specification in the notum (reviewed in Dickson and Hafen, 1993) . R8 specification is followed by the sequential development, by molecular criteria, of photoreceptor pairs R2 and RS, then R3 and R4 (reviewed in Wolff and Ready, 1993) . These five photoreceptor cells are present in each cluster as it emerges from the furrow (row 1; see legend to Fig. 4 for row number definitions) and are initially joined by one or two so-called mystery cells, which will drop out of the cluster by row 3 or 4. The remaining three photoreceptors -Rl, R6 and R7 -can be identified on the basis of position by row 4 or 5, although R7 cell differentiation follows that of RI and R6 by molecular criteria.
To examine the role of Delta in the early stages of photoreceptor development, L3 larvae bearing temperature-sensitive Dl mutant genotypes were pulsed at restrictive temperature and examined immediateiy thereafter. The Dl temperature-sensitive genotype used, D16B37DlRF, was chosen because it displays the most disparity between phenotypes at permissive versus restrictive temperatures. Previous data suggest that neither the DeltaRF nor Delta6B37 proteins exhibit complete loss of function at the restrictive temperature (Parks and Muskavitch, 1993) . At the permissive temperature of 18°C this genotype exhibits mild Dl mutant phenotype which is easily distinguishable from the severe phenotypes seen after pulsing to the restrictive temperature.
In control larval eye discs, seven to nine cells are found in clusters immediately after they emerge from the furrow (Fig. 1A) . Five cells within each cluster -the precursors to R2, R3, R4, R5 and R8 -are organized in a recognizable array. In contrast, clusters that contain lo-15 disorganized cells emerge from the furrow in the pulsed DIRF/DIRF mutant (Fig. 1B) . Staining of pulsed D16B37/DlRF mutant discs with MAb 22C10, which recognizes a cytoplasmic epitope specific to developing photoreceptors (Zipursky et al., 1984; Tomlinson and Ready, 1987) , reveals that the extra cells emerging from the furrow in heat-pulsed mutants differentiate as photoreceptors ( Fig. 1C and D) . These data imply that loss of Delta function within the furrow results in the development of excess photoreceptors.
Previous analyses have indicated that reduced Notch function in the furrow leads to the development of excess R8 cells (Baker et al., 1990) . In order to assess R8 development after reduction of Delta function, we used the enhancer trap line AC65N, which expresses Pgalactosidase specifically in the R8 cell (U. Banerjee and L. Zipursky, personal communication). In control eye discs from pulsed AC65N DlRF/TM6C larvae, P-galactosidase protein is detected in a single R8 cell in each cluster (Fig. 1E) . However, multiple cells stain in each cluster near the furrow in eye discs from pulsed AC65N DIRF/DIRF larvae (Fig. 1F) . The number of @-galactosidase positive cells ranges from two to ten with an average of five cells per cluster (n = 41 clusters) in these temperature-sensitive mutants (data not shown). The fact that the DIRF/DIRF genotype confers only partial loss of Dl function at restrictive temperature (Parks and Muskavitch, 1993) implies that this is the minimum number of cells within each cluster that possess the potential to adopt the R8 cell fate.
We also find that regular progression of the morphogenetic furrow fails to recover from transient reductions in Dl function. Eye discs from pulsed L3 DIRF/DIRF larvae, subsequently incubated at the permissive temperature for 24 h before dissection, contain successive rows of irregularly spaced photoreceptor clusters with large gaps between each row (data not shown). In clusters that are more mature during the heat pulse (e.g., rows 4 and 5), mystery cells remain associated with the five-cell precluster, indicating they may be assuming neural fates (Fig. lB, arrowheads) . This effect is more expressive in the temperature-sensitive geno- , which recognizes a photoreceptor-specific epitope. The MAb 22C10 epitope is first expressed in a single cell, R8, and is expressed in each pair of photoreceptors as they develop in subsequent rows (Tomlinson and Ready, 1987) type D16B37D1RF, which yields more severe reductions in dl function at restrictive temperature than does DIRF/DIRF (data not shown).
Because late L3 eye discs contain photoreceptor clusters at many stages of development, pulses during this time permit analysis of the effects of reduced Dl function on development of the outer photoreceptors Rl-6 and R7. In a wildtype adult, the rhabdomeres made by each photoreceptor cell appear as intensely stained circles arrayed in a stereotypical and invariant pattern (Fig. 2B) . The rhabdomeres made by Rl-6 are the largest and extend from the apical to basal sides of the retina. The rhabdomeres of R7 and R8 are smaller and lie in the center of the array, the R7 rhabdomere overlying that of the R8 cell. Fig. 2A shows the phenotype of an adult D16B37/DIRF eye from an animal pulsed during late L3. The most prominent defect is the presence of a dorsal-ventral 'scar' at the approximate position of the furrow during the pulse. A region that contains a highly disorganized array of rhabdomeres is associated with the scar, as seen in cross sections of adult mutant eyes (Fig. 2C) . Many of the rhabdomeres in this region appear to be fused or misshapen. Large and small rhabdomeres are present, indicating the presence of multiple outer (Rl-6) and inner (R7 and R8) photoreceptor types. Posterior to this region, predominant clusters include excess outer photoreceptors (Fig. 2D ). These clusters could represent fusion of preclusters; however, we find this unlikely because the number of ommatidia immediately posterior to the scar in adult eyes remains relatively constant and representative clusters contain a single R8 cell (data not shown). While some supernumerary photoreceptors may result from adoption of the outer photoreceptor fate by the mystery cells (as suggested above), many clusters contain five or more excess rhabdomeres indicating that cells other than the mystery cells have adopted the outer photoreceptor fate. Mild cone cell multiplication is also found in this same region (see below) and adoption of the outer photoreceptor fate by cone cell precursors cannot be assessed at this time. Approximately three to four rows posterior to this area of severe disruption, clusters that lack the R7 rhabdomere are apparent (Fig. 2D , arrowheads). Examination of these clusters through multiple planes of section reveals that they contain R8 (data not shown), which suggests that loss of R7 is not due to the loss of R8. Infrequently, loss of outer photoreceptors occurs; however, no consistent pattern of loss is discernible (data not shown). Posterior to the region of outer photoreceptor multiplication, clusters contain the correct number and types of photoreceptors; however, the positions of rhabdomeres within each cluster often differ from those in wildtype clusters. Alterations within these less severely affected clusters are probably not due to the pulse at restrictive temperature because eyes from D16B37/DIRF adults raised at the permissive temperature are rough and appear to exhibit low to moderate levels of abnormal development (compare Fig. 3A and B with C and D).
Dl expression in photoreceptors corresponds to times of cellular specification
Dl transcription in the eye was assessed using intronic probes for in situ hybridization. Dl introns accumulate at transcription sites in the nucleus, resulting in a single focus of hybridization in imaginal tissues (Kopczynski and Muskavitch, 1992) . Intensity of staining appears to reflect relative transcription levels (Kopczynski, 1991; Kopczynski and Muskavitch, 1992) . Nuclei were identified on the basis of their positions within the cluster and their relative heights within retinal cells. The pattern of Dl expression in larval and pupal eye discs is summarized schematically in Fig. 4 .
Dl is transcribed in the majority (ca. 90%) of cells within the morphogenetic furrow. Cells that do not transcribe Dl are arrayed randomly (data not shown). The Dl transcription pattern posterior to the furrow becomes better resolved as clusters are just beginning to rotate (i.e., in row 4), although exceptions to the pattern can be found in most rows. Dl transcription is first seen in R3 and R4, hybridization in R3 is typically more intense than that in R4 in early clusters, indicating differential Dl expression in these two cells. In subsequent rows, transcription also begins in Rl and R6 (Fig. 5, Al and A2) . By row 7 or 8, R4 transcribes Dl more strongly than R3, expression continues in Rl and R6 and all identifiable R7 cells also exhibit Dl transcription (data not shown). By row 8 or 9, only R4 and R7 transcribe DI; and by row 14, all Dl transcription in photoreceptors has ceased. Dl is not expressed in photoreceptors during subsequent retinal development.
Delta protein accumulation correlates closely with Dl transcription in developing photoreceptors. Delta accumulation in retinal cells was assessed following double-labeling for Delta and actin (see Experimental procedures). Because of the concentration of actin microfilaments at the apical ends of retinal cells, and subsequent intense phalloidin staining in the doublelabeled confocal images, Delta-containing vesicles found within the extreme apical aspects of retinal cells could not be assigned to specific cells. Consequently, row numbers in the following descriptions are intended to serve only as a general guide to describe trends in protein localization; exceptions to these patterns can be found in most rows.
Delta protein accumulation is first detected within the morphogenetic furrow (Fig. 5B, lefthand side) . At this time, Delta protein primarily accumulates in vesicles located apically within each cell, although some nonvesicular, apparently cytoplasmic, staining is also evident. While Dl is transcribed in the vast majority of cells within the furrow, the protein often appears to accumulate in clusters of cells. This is true for cytoplasmic as well as vesicular accumulation; however, clusters with vesicular staining are more prominent. Analysis by confocal microscopy reveals that clusters of four to eight cells exhibit vesicular accumulation of Delta (data not shown).
After clusters emerge from the furrow, Delta is detected exclusively in vesicles that are primarily localized apically within each cell. Confocal microscopy reveals that in rows 2 and 3 (the first rows where specific photoreceptor precursors can be unambiguously identified with phalloidin-staining), Delta protein accumulates in vesicles in R8, R2 and R5 (Fig. 5, Cl and Dl) . Subsequently, the protein usually disappears from these cells and is found only in R3 and R4 by row 5 (Fig.  5, C2 and D2 ). Between rows 6 and 8, vesicles also begin to appear in Rl and R6 (Fig. 5, C3 and D3); and three or four rows later, vesicles are apparent in R3, R4, RI, R6 and R7. Delta eventually ceases to accumulate in R3, Rl and R6, but continues to be found in R4 and R7 through at least row 14 or 15.
Delta function is required for correct specification of cone cells
Anterior and posterior cone cells can be identified on the basis of position in cobalt sulfide-stained eye discs Fig. 3 . Reduction in Delta function during pupal development causes multiplication and/or loss of bristles, primary pigment cells and latticework cells. Anterior is to the right. The top row contains scanning electron micrographs (SEMs) of adult eyes; the bottom row shows corresponding cobalt sulfide-stained pupal retinas from similarly treated animals. (A and B) An adult eye (A) and 67-h APF retina (B) from control unpulsed wildtype animals. b, bristle; c, cone cell; I", primary pigment cell; 2", secondary pigment cell; 3", tertiary pigment cell. (C and D) An adult eye from an unpulsed D16B37/DIRF animal (C) shows slight roughening and disruptions in the interommatidial array. Roughening is probably due to the mild cone cell multiplication and loss seen in a 68-h APF retina from a similar animal (D). Occasional primary pigment cell multiplication is also seen (data not shown). (E and F) An adult eye (E) from a DI 6B37/DIRF animal pulsed from I I -I8 h APF appears rough and exhibits extensive bristle multiplication. The entire latticework of presumptive secondary and tertiary pigment cells appears to have adopted the bristle fate in a 64-h APF retina from a animal pulsed from I IS-17 h APF (F). (G and H) lnterommatidial bristle loss occurs in an eye from a D16B37/DIRF animal pulsed 34-39 h APF (G). Cobalt sulfide staining of a 65-h APF retina from a DI 6B37/DIRF animal pulsed 34.5-41 h APF reveals that, in addition to apparent loss of the trichogen (shaft) and tormogen (socket) cells of the bristle organ, excess primary pigment cells are present (H). Three, and infrequently, four primary pigment cells (marked by asterisks) can be seen around normal complements of cone cells. Bar = 100 gm (A, C, E and G); IO pm (B, D, F and H). about seven rows from the furrow. Presumptive polar and equatorial cone cells can be identified on the basis of position by row 11 or 12 (Cagan and Ready, 1989b; Wolff and Ready, 1993) . The nuclei of these cells move from their basal positions to the top of the retina, and the apices of these cells will eventually overlie the apical extensions of the photoreceptors. While little is known about cone cell specification, mutations in or ectopic expression of various genes affecting photoreceptor specification or identity can cause R7 to adopt a cone cell fate or cause cone cells to adopt the R7 cell fate (Tomlinson and Ready, 1986; Reinke and Zipursky, 1988; Carthew and Rubin, 1990; Van Vactor et al., 1991; Fortini et al., 1992; Hiromi et al., 1993) .
Multiplication and loss of cone cells are seen in Dl temperature-sensitive mutants pulsed to the restrictive temperature during late L3. Reduction in Delta function near the furrow results in cone cell multiplication. Extensive cone cell multiplication (Fig. 2E, arrow) occurs in the 'scar' region within which severe photoreceptor multiplication and disarray occur. Posterior to this region, mild cone cell multiplication is seen for approximately five to seven rows (Fig. 2E, arrowheads) . Moderate outer photoreceptor multiplication also occurs in these rows. Thus, the extent of cone cell multipli- Only the cell types either already specified or expressing Delta during each stage are drawn. The row numbers used throughout this paper are based on row descriptions established by Wolff and Ready (1993) . Row numbers for protein localization are assigned assuming clusters observed forming in the furrow constitute row 0. Row numbers assigned for in situ hybridizations are based on the positions at which clusters begin to rotate. In all cases, row numbers are given as a general guide to trends in expression and localization, exceptions to these patterns can be found in most rows. Information in most rows is based on intron and protein accumulation; however, information for rows 2 and 3 is based solely on protein localization data. Timing of changes in DI expression in the polar and equatorial cone cells is interpolated from our findings that younger clusters express DI in R4 and R7 and older clusters express DI in the equatorial and polar cone cells. aC, anterior cone cell; eqC, equatorial cone cell; PC, posterior cone cell; plC, polar cone cell; I", primary pigment cell.
cation appears to correlate with numbers of supernumerary photoreceptors. Furthermore, cone cell multiplication is found in rows closer to the furrow than those in which cone cell specification is occurring at the time of the pulse. We propose that cone cell multiplication is not due directly to loss of Delta function, but reflects the adoption of the cone cell fate by cells responding to the presence of extra photoreceptors. Posterior to the region of mild cone cell multiplication is a narrow band of cone cell loss. Clusters within this band contain one to three cone cells (Fig. 2F) . This region corresponds to the rows in which cone cell specification was taking place as Delta function was reduced, indicating a requirement for Delta in cone cell fate choice. Previous reports have demonstrated that cone cell loss can result from adoption of the R7 photoreceptor fate by presumptive cone cells when the sevenless tyrosine kinase pathway is activated by various means Van Vactor et al., 1991; Fortini et al., 1992) . While extra R7-type rhabdomeres are occasionally found in adult eyes from pulsed Dl temperature-sensitive larvae, they appear to be randomly distributed throughout the region of outer photoreceptor multiplication (data not shown). Wildtype clusters as well as clusters containing both too few and too many cone cells appear posterior to the band of cone cell loss. Clusters that contain abnormal numbers of cone cells appear randomly within this region, with ex- In situ hybridization with intronic probes reveals that the anterior and posterior cone cells begin to transcribe DI by row 8 or 9 (Fig. 4) . By row 9 or 10, the equatorial and polar cone cells also begin to transcribe DI. Expression in these four cells continues for some time, but eventually all but the anterior cone cell cease expression in a posterior to anterior gradient as clusters mature. This process begins at around 12 h after purparium formation (APF) and by 25 h APF, Dl is transcribed only in the anterior cone cell over approximately half of the retina (Fig. SE) . By 36 h APF, the pattern begins to reverse and some of the previously non-expressing cone cells reinitiate Dl transcription. By 48 h APF, all four cone cells again transcribe Di, although the anterior and posterior cells clearly transcribe Dl more intensely than the polar and equatorial cells (Fig. 51) .
Delta protein accumulation in cone cells is detected solely in vesicles localized primarily within the apical end of each cell (see Fig. 5K and L, inset). Protein accumulation is first detected in the anterior cone cell by row 12, approximately three or four rows after DI transcription begins (Fig. 5, C4 and D4 ). Delta protein is detected in the posterior cone cell approximately one row later. Vesicles in the polar and equatorial cone cells can not always be unambiguously distinguished from vesicles in photoreceptors R4 and R7 in confocal microscopic images. However, these data in combination with data on Dl transcription imply that Delta protein accumulates in the polar and equatorial cone cells as accumulation in R4 and R7 ceases. As clusters mature, Delta protein accumulates only in the anterior cone cell, in parallel with the transcription pattern. By 24 h APF, most cone cells in the anterior retina accumulate Delta in several smaller vesicles and clusters in the posterior part of the retina contain primarily a single Deltapositive vesicle in the anterior cone cell (Fig. SF-H) . By 38 h APF, small vesicles that contain Delta protein are also found in the posterior, equatorial and polar cone cells as Dl transcription resumes in these cells (data not shown). Two sets of vesicles, corresponding to accumulation in the anterior and posterior cone cells, predominate within each cluster by 48 h APF (Fig. 5J) , although fluorescent confocal images also reveal protein accumulation in the polar and equatorial cone cells ( Fig.  5K and L).
Reduced Delta function can cause multiplication or loss of interommatidial bristles
Interommatidial sensory bristles appear to develop much like those in the notum. A single sensory organ precursor (SOP) is specified at every alternate vertex and gives rise to a neuron and three accessory cells (Cagan and Ready, 1989b; Perry, 1968) . Interommatidial bristle SOPS appear to arise during the second half of the first Fig. 5 . DI intron accumulation and protein accumulation in L3 eye discs, and 24-h and 48-h APF retinas. Anterior is to the left. First row: in situ hybridizations using DI introns as probes, hybridization is seen as sharp dark dots inside nuclei (larger gray bodies). Second row: brightfield views of tissue stained with anti-Delta antibody and visualized with a peroxidase-conjugated secondary antibody followed by silver enhancement. Third row: false color confocal images from tissue double-stained with rhodamine-conjugated phalloidin (red) and anti-Delta antibody followed by a fluoresceinconjugated secondary antibody (green). Phalloidin binds to actin microfilaments that localize to the cell cortex. day of pupal development at 20°C (Cagan and Ready, 1989b) . Reductions in Delta function for 5 h intervals between 11 and 27 h APF result in interommatidial bristle multiplication. Maximum multiplication is induced by pulses before 18 h APF. The latticework in eye discs from D16B37/DlRF pupae pulsed from 1 I-18 h APF appears to be composed almost entirely of bristles, with concomitant loss of tertiary and secondary pigment cells ( Fig. 3E and F) . This indicates that the entire latticework of presumptive secondary and tertiary pigment cells may constitute an interommatidial bristle SOP equivalence group.
Temperature shifts for 5 h intervals from 34-44 h APF result in bristle loss ( Fig. 3G and H) . In nota, reductions in Delta function after bristle SOP specification result in bristle loss due to development of all four terminal cells of the bristle organ as neurons (Parks and Muskavitch, 1993) . Apparent bristle loss in the eye is probably due to transformation of the three bristle organ accessory cells into neurons; however, the presence of numerous photoreceptors in each cluster precludes specific visualization of supernumerary neurons that arise from such misspecification events. In situ hybridization in L3 larvae reveals no DI expression in retinal cells other than those developing as photoreceptors or cone cells. A subset of randomly dis-tributed, basal nuclei (lo-40%) transcribe DI in the latticework of presumptive bristle precursor cells from 10 to 15 h APF. This corresponds to the earliest time during which SOP specification is sensitive to reduced Delta function. A regular pattern of D/-expressing cells that is consistent with the positions of the developing bristle groups is occasionally observed after 15 h APF (data not shown). Expression in the interommatidial bristle organs after SOP specification would be analogous to observed DI expression patterns in developing notal bristles (A. L. Parks and M. A. T. Muskavitch, unpublished data).
Multiplication of primary pigment cells results from loss of Delta function in the secorrd day of pupal developmen t
The two primary pigment cells, which lie anterior and posterior to each cluster, are first discernible between 22 and 29 h APF at 20°C (Cagan and Ready, 1989b) . Their nuclei rise in a loose posterior to anterior gradient to lie in the apical portion of the retina as these pigment cells develop and encompass the cone cells. Reduced Delta function from 34-40 h APF results in the development of too many primary pigment cells in the center of the eye, consistent with a requirement for Delta in the specification of the correct number of pigment cells. Three or four primary pigment cells can be seen surrounding cone cell clusters in pulsed mutants (Fig. 3H,  asterisks) . In contrast with results obtained from similar experiments carried out on N'"' mutants (Cagan and Ready, 1989a) , loss of primary pigment cells did not result from any of the pulses we have employed.
Dl transcription in primary pigment cells is evident by 38 h APF but is not seen at 24 h APF. Transcription appears to begin in the posterior retina and is detected primarily within anterior primary pigment cells. By 48 h, transcription can be seen in anterior and posterior primary pigment cells throughout the retina, although interspersed clusters exhibit transcription only in the anterior primary pigment cell (Figs. 4 and 5, 12) . Delta protein accumulation in developing primary pigment cells correlates with the Dl transcription pattern. Examination of 38 h APF retinas reveals very low levels of protein accumulation within primary pigment cells. By 48 h APF, however, Delta accumulation is seen in vesicles in both the anterior and posterior primary pigment cells (Fig. 5K and L) .
Delta functions in the formation of the latticework of secondary and tertiary pigment cells
The secondary and tertiary pigment cells within the latticework are the last cells in the retina to be specified. Temperature shifts of D16E37/D1RF pupae from 1 l-18 h APF cause the transformation of all latticework cells into bristle-forming cells, resulting in extensive loss of secondary and tertiary pigment cells. This indicates that during this developmental interval, presumptive secondary and tertiary pigment cells comprise a bristle SOP equivalence group. No other pulse regime tested significantly affects secondary or tertiary pigment cell specification or development in the Dl mutants analyzed. Temperature shifts later than 40 h APF lead to a slight increase in the number of latticework cells, such that a mutant retina of a given age contains more cells within the latticework than a wildtype retina of the same age (data not shown). Proper development of secondary and tertiary pigment cells depends on cell death to winnow out excess cells in the latticework (Cagan and Ready, 1989b; Wolff and Ready, 1991) . However, acridine orange staining reveals no significant reduction in the level of cell death in pulsed Dl mutant retinas compared to control retinas (data not shown). It is possible that reductions in Delta function simply delay, in some way, development of secondary and tertiary pigment cells. Alternatively, development of secondary and tertiary pigment cells may occur over such a long period of time that loss of Delta function for the short (i.e., 5 h) intervals we have used does not significantly affect latticework specification and resolution, except for the indirect effects associated with bristle multiplication.
Dl is transcribed in the latticework of bristle and secondary and tertiary pigment cells in one to five randomly distributed cells surrounding each developing ommatidium from 17 to 48 h APF. Vesicular accumulation of the Delta protein in latticework cells is detected during all pupal stages examined, but the randomness of the pattern precludes specific identification of expressing cells. This random pattern of Delta-positive cells may reflect specification events as they occur over the prolonged developmental interval required for resolution of the latticework.
Delta is initially targeted to the cell surface, then undergoes endocytosis
Delta protein is detected exclusively in vesicles during all stages and in all cell types during retinal development, with the exception of the cytoplasmic staining observed within the morphogenetic furrow. Electron microscopy reveals the presence of Delta protein in apparent monolamellar vesicles (Fig. 6B inset, arrowheads) and multivesicular bodies (Fig. 6B inset, arrow) , which may reflect an association of Delta with the endocytotic as opposed to the secretory pathway. Two lines of evidence support this conclusion. First, the DIRF allele encodes a temperature-sensitive protein that localizes to the cell surface in animals pulsed to the restrictive temperature for 5 h intervals from 24 to 48 h APF (compare Fig. 6A and B with C and D). Several other Dl alleles also encode proteins that are mislocalized to the cell surface in 48 h APF retinas (A. DOS Santos and M. A. T. Muskavitch, unpublished data). These data imply that Delta is normally targeted to the cell surface but does not accumulate to detectable levels before undergoing endocytosis. Second, this inference is supported by data obtained from Delta protein localization studies in retinas from pupae hemizygous or homozygous for the shibire"' (shit") mutation. Shibire, a protein homologous to dynamin, is known to function in endocytosis in Drosophila Ikeda, 1983a, 1983b; Chen et al., 1991; van der Bliek and Meyerowitz, 1991) . Tightly localized Delta protein accumulation occurs on the apical aspects of two cells in each cluster in shP' retinas after pulsing to the restrictive temperature for 5-h intervals -48 h APF (Fig. 6E) . Electron microscopy indicates that this accumulation occurs on microvillar tufts that project apically from the cone cells (Fig. 6F) . These tufts appear to enlarge in pulsed shit"' pupae due to the accumulation of apical membrane that results from the loss of shibire-dependent endocytosis. These data imply that Delta is normally targeted to retinal cell membranes and is subsequently down-regulated from cell surfaces by shibire-dependent endocytosis.
3. Discussion
Delta and Notch act coordinately to prevent adoption of the R8 cell fate
Photoreceptor R8 is thought to be specified within equivalence groups analogous to those within which neuroblasts are specified in the embryonic ventral neurogenic region (vNR) and bristle SOPS are specified in the imaginal notum Dickson and Hafen, 1993) . Reduction of Delta (this work) or Notch (Baker et al., 1990) function in the furrow results in adoption of the R8 fate by more than one cell per ommatidial cluster. These findings support the hypothesis that Delta encodes an inhibitory signal that interacts with the Notch receptor to mediate intercellular signaling required for adoption of the R8 fate by a single cell within each cluster. Reductions in the function of scabrous (sea), which encodes a secreted protein with similarities to fibrinogen, also lead to R8 multiplication proximate to the furrow (Baker et al., 1990; Mlodzik et al., 1990a) . At present, it is unclear whether Delta and scabrous, which both appear to act as signals that contribute to inhibition of the R8 fate, function in parallel signaling pathways or act concertedly in conjunction with the Notch receptor.
We find that DI is expressed in the vast majority of cells within the morphogenetic furrow. This observation suggests that it is highly unlikely that Delta functions as a lateral inhibitory signal that emanates from R8. Instead, we propose that Delta-Notch signaling mediates a process of mutual inhibition that maintains the majority of cells in an uncommitted state, preventing them from responding to the putative inductive cue that directs adoption of the R8 cell fate. We suggest that Delta functions in a mutually inhibitory fashion based on the assumption that Delta acts non-autonomously in the retina, as it does during SOP specification in the notum (Heitzler and Simpson, 1991) . The proposal that neurogenic gene signaling precludes response to developmental cues is motivated by the observation that expression of constitutively activated Notch under control of the sevenless promoter appears to interfere with the response of photoreceptor precursors to inductive signals (Fortini et al. 1993 ). This hypothesis is also supported by findings of Coffman et al. (1993) indicating that constitutive activation of Xotch, a Notch homologue, in Xenopus maintains cells in an uncommitted state.
In the embryo, cells adopting neuroblast fates cease Delta expression, consistent with their withdrawal from a field of mutual inhibition (Kopczynski, 1991; Kooh et al., 1993; Muskavitch, 1994) . In contrast, we find that Delta protein continues to be present in RS cells preceding, during and following their specification. This implies that removal of R8 from the field of uncommitted cells does not require that the R8 cell cease Delta expression. This suggests that post-translational mechanisms prevent reception of the mutually inhibitory DeltaNotch signal by cells that stably adopt the R8 fate. Continuous expression of Delta in R8 as clusters emerge from the furrow may reflect the rapid onset of subsequent steps in cluster formation, which also require Delta function.
Delta acts non-autonomously in the specification of the correct number of outer photoreceptors
The multiplication of outer photoreceptors we observe in Dl mutants implies that Delta is required to regulate adoption of these fates during ommatidial assembly. Delta expression is restricted to the eight photoreceptor precursors as they successively join developing ommatidia posterior to the furrow. The fact that cells in addition to those that normally express Delta adopt outer photoreceptor fates in Dl mutants implies that Delta acts non-autonomously to prevent adoption of outer photoreceptor fates. Because the magnitude of excess neuralization posterior to the furrow is low in Dl mutants, we infer Delta acts via cell-cell contacts among neighboring cells, possibly including the mystery cells, to transiently inhibit adoption of outer photoreceptor fates in subsets of precursors. We propose that this transient non-autonomous inhibition precludes cells from responding to inappropriate inductive cues during ommatidial assembly, thereby controlling the times at which photoreceptor precursors commit to specific fates. These data further support the premise that neurogenic gene signaling in the retinal anlage constitutes a developmental timing mechanism that regulates cellular specification by preventing cells from responding to inappropriate cues during ommatidial assembly, as suggested by Fortini et al. (1993) .
Reduced Delta function can result in loss of two ceil types
Reduction of Delta function can result in the loss of two cell types, the R7 photoreceptor and one or more cone cell types. Loss of Notch function also results in the loss of these two cell types (Cagan and Ready, 1989a) . In addition, when an activated Notch construct is expressed in the sevenless pattern, loss of R3/4 and R7 result from transformation into R7-like cells and a cone cell, respectively (Fortini et al., 1993) . These outcomes can be explained if specification of the R3l4 and R7 precursors is delayed by the presence of activated Notch and they respond to inductive signals presented later during ommatidial assembly. Given that Delta and Notch appear to function coordinately in retinal development, we suggest that loss of R7 and cone cells due to reduction of Delta function could be due to precocious commitment of their precursors to inappropriate fates. If Delta acts non-autonomously, Delta expression in Rl and R6 may be required to maintain the R7 cell precursor in an uncommitted state, and expression in R3, R4, Rl, R6, R7 and, subsequently, in R4 and R7 may be required for the cone cells to remain uncommitted until the proper time. Consequently, some of the excess outer photoreceptor cell types present in the region of R7 and cone cell loss could arise from the misspecification of R7 and/or cone cell precursors as outer photoreceptor cells.
Delta expression in cone cells may affect specification of other ceil types
Delta expression during cone cell specification and development is spatially and temporally complex. Delta is initially expressed during specification of the anterior and posterior, then polar and equatorial, cone cells. Reduced Delta function during this phase leads to cone cell loss, which we attribute to reduced Delta function in the outer photoreceptors and precocious commitment of cone cell precursors to outer photoreceptor fates. It is unclear that Delta expression in cone cells during this phase affects cone cell development, unless subtle differences in Delta expression among cone cells somehow contribute to regulation of cone cell specification. Delta protein accumulation subsequently ceases in the posterior, equatorial and polar cone cells in a posterior to anterior gradient as clusters mature, yet persists in the anterior cone cell. Adoption of the bristle SOP fates throughout the latticework due to heat pulses during this interval implies that cone cell expression during this phase could play a role in preventing latticework cells from adopting the SOP fate. At 38 h APF, Delta expression persists in anterior cone cells and begins to reinitiate in the other three cone cells in each cluster. The fact that reduction in Delta function 34-44 h APF leads to primary pigment cell multiplication suggests that cone cell expression during this phase may maintain pigment cell precursors in an uncommitted state until the appropriate inductive cue is presented. Although DI expression persists in the cone cells until at least 51 h APF, reductions in Delta function at this time have no discernible impacts on ommatidial development. This suggests that this phase of Delta expression is either fortuitous or affects aspects of development, such as cone cell rearrangements and establishment of specific cellcell contacts, in which we cannot detect disruptions.
Differences exist in Delta and Notch mutant phenotypes in the retina
The overall coincidence of phenotypes in DI and N mutants (Cagan and Ready, 1989a) indicates that Delta and Notch function in many of the same cell fate choices during retinal development. We have found two instances in which reduction of Delta or Notch functions do not have the same effects. First, we do not detect complete recovery of the regular progression of the morphogenetic furrow after returning pulsed Dl heatsensitive animals to the permissive temperature, in contrast to outcomes reported for N"' mutants (Cagan and Ready, 1989a) . Second, we have not observed loss of primary pigment cells, such as that seen with pupal pulses of the N"' mutant (Cagan and Ready, 1989a) , with any of the pulse regimes we have employed for Dl mutants. These two differences observed between DZ and N mutant phenotypes may result from distinct requirements for Delta and Notch function or, alternatively, the differences may reflect different levels of function associated with each genotype at the restrictive temperature.
Delta is a cell surface signal that accumulates within signaling cells
Detectable Delta protein is found exclusively within intracellular vesicles in ommatidial cells posterior to the furrow. Similar subcellular vesicular localization has been observed for other signal proteins involved in intercellular communication in the developing retina and elsewhere, including scabrous (Mlodzik et al., 1990a) , wingless (van den Heuvel et al., 1989) and boss Cagan et al., 1992) . Subcellular localization of scabrous (Mlodzik et al., 1990a) and wingless (Gonzalez et al., 1991) has been attributed to their residence in secretory vesicles, while intercellular localization of boss (Cagan et al., 1992 ) and a second type of wingless sequestration (Gonzalez et al., 1991) have been attributed to targeting into multivesicular bodies following intercellular transfer via endocytosis of ligand-receptor complexes. However, vesicular localization of Delta apparently results from a third pattern of trafficking. Delta appears to be targeted initially to the surfaces of expressing cells, where it can interact within the extracellular compartment, and it is then cleared subsequently incubated overnight at 4°C with goat antimouse IgG secondary antibody conjugated to fluorescein-isothiocyanate (Jackson Immunochemicals) diluted 150 in PBS plus 5% NGS. Phalloidin conjugated to rhodamine (Molecular Probes; Eugene, OR) was included at 1:300 (v/v) in the secondary antibody incubation to visualize actin microfilaments. Discs were mounted in glycerol plus 1% (w/v) n-propyl gallate and viewed with a Bio-Rad MRC 600 confocal laser microscope.
In situ hybridization
In situ hybridizations using Dl introns as probes were carried out according to Kopczynski and Muskavitch (1992) . Briefly, digoxygenin-UTP-containing RNA probes (digoxygenin-UTP; Boehringer Mannheim; Indianapolis, IN) were generated from nine genomic fragments representing Dl intronic sequences (A2, 3, Bl-3, Cl and C3-5; Kopczynski and Muskavitch, 1992) . The probes were pooled and hybridized to paraformaldehyde-fixed eye discs. After washing, hybridized probe was detected using sheep antidigoxygenin antibodies conjugated to HRP (Boehringer Mannheim). Following incubation with DAB and H,Oz, the peroxidase reaction product was enhanced using silver precipitation (see above). Hybridized discs were stored at 4°C in 0.01% paraformaldehyde in PBS. Before examination, hybridized discs were stained with Harris Hematoxylin (Modified Solution; Sigma: St. Louis, MO) to visualize nuclei and mounted in glycerol.
Light Microscopy
Cobalt sulfide staining of retinal cell surfaces, which can be used to examine ommatidial clusters during most stages of eye development, was carried out according to Cagan and Ready (1989a) . Differentiated retinal cell phenotypes were examined in cross-sections of adult eyes. Briefly, heads were bisected and fixed in 4% (w/v) paraformaldehyde/2% (v/v) glutaraldehyde in PBS, osmicated in 0.1 M Na cacodylate buffer and embedded in Spurr resin. Sections 1 Frn in thickness were stained with toluidine blue to visualize tissue.
Electron microscopy
Adult flies stored in 70% EtOH were prepared for scanning electron microscopy (SEM) as described by Shepard et al. (1989) . For transmission electron microscopy (TEM), discs were fixed and stained with MAb 202, followed by incubation with HRP-conjugated secondary antibody, development with DAB and Hz02 and silver intensification, as above. The tissue was then postfixed with 2% glutaraldehyde and subsequently stained with 0.5% (w/v) uranyl acetate overnight. Following embedding in DER resin, thin sections were poststained with uranyl acetate and lead citrate and viewed with a Phillips 300 transmission electron microscope.
